Thermophilic methane-producing digesters were examined by the analysis of lipids to determine the microbial biomass, community structure, and nutritional status of the microbes within the digesters. The digesters received a daily feedstock of cattle feed and Bermuda grass, with some digesters receiving additional supplements of propionate, butyrate, or nitrate. Microbial biomass, measured as total extractable lipid phosphate, was decreased in slurries from digesters receiving continuous addition of the fermentation intermediates propionate or butyrate as compared with slurries from control digesters receiving the feedstock alone. In slurries from digesters that received continuous addition of nitrate, the microbial biomass was higher than in the slurries from control digesters. The control digesters had ca. 2.5 x 1011 bacteria per g (dry weight) as determined from total extractable lipid phosphate. Shifts in microbial community structure were observed by analysis of ester-linked phospholipid fatty acids. Statistical analysis of the patterns of phospholipid fatty acids indicated that the digesters receiving different supplements could be distinguished from the control digester and from each other. Poly-pi-hydroxybutyric acid, an indicator of metabolic stress, was detected in slurries from all the digesters. Slurries from the nitrate-amended digester had the highest concentration of poly-,B-hydroxybutyric acid, whereas slurries from the propionate-amended digester had the lowest concentration. These chemical analyses offer a quantitative means to correlate shifts in microbial biomass, community structure, and nutritional status in complex fermentation systems to the production of a specific end product.
Anaerobic environments are composed of communities characterized by diverse populations of microorganisms. The rumen, for example, has over 200 species of bacteria and at least 13 genera of protozoa (26) . Descriptions of the rumen and its microbial ecology are provided by Hungate (16, 17) and Bryant (5, 6) . The methane-producing digester is another anaerobic environment with diverse populations of microorganisms and is presently being extensively studied (7, 9, 18, 19, 27, 28, 33) . Anaerobic digesters are generally used to stabilize municipal and animal wastes with the concomitant production of methane.
In anaerobic digesters, organic matter is degraded to methane and carbon dioxide by the integrated actions of three metabolically distinct groups (8, 23) . These groups are composed of a large number of different species of bacteria, many of which have not been isolated (19) . Kirsh (20) and Mah and Sussman (22) recovered about 10% of the nonmethanogenic bacteria present in digesters. Varel (28) was able to culture 8.5 to 14. 1% of the direct count of bacteria from a thermophilic digester. Methanogenic bacteria were not cultured. Sixty-four strains were characterized in more detail and were found to be gram-negative fermentative rods (28) . lannotti et al. (19) achieved the highest percentage of colony counts when they were able to record colony counts that were 60% of the direct counts. Onehundred and thirty nonmethanogenic bacterial strains were characterized (19) and were found to be mostly grampositive anaerobes.
The above studies indicate the difficulties associated with culturing bacteria from environments where bacteria are found in consortia, where metabolic interactions occur, and where bacteria are attached to surfaces. White (29) discussed these problems as they relate to microbial ecology and described new methods developed to overcome them. These analytical methods are based on the examination of lipids to obtain information about the microbial biomass, community structure, and nutritional status of complex microbial ecosystems without the selective removal or growth of bacteria from an ecosystem (29) . Total lipid phosphate is an indicator of microbial biomass (32) and correlates well with extractable ATP (31) . Analysis of esterlinked phospholipid fatty acids (PLFA) allows the characterization of the microbial community structure (3). Some fatty acids are unique to specific bacteria or to groups of bacteria and function as signatures for these bacteria (29) . Gillan and Hogg (13) used this concept to divide the bacterial community of mangrove sediments into several subgroups. Poly-,-hydroxybutyric acid (PHB) has been used as an indicator of the metabolic status of microbial communities (11, 12, 25) .
In this study we report the results obtained when the techniques for lipid analysis were applied to thermophilic, anaerobic digesters. These digesters received daily input of feed, with some digesters receiving continuous supplementation of butyrate, propionate, or nitrate, which were added to determine their influences on the production of methane from biomass. (23a) .
Fatty acid configuration. The fatty acid designation is as follows: number of carbon atoms, number of double bonds, location of double bonds in relation to the omega (methyl) end of the fatty acid. The suffixes c and t for cis and trans configuration are used. The suffix br indicates that the fatty acid is branched.
RESULTS
Total microbial biomass. The total extractable lipid phosphate (TELP), which is a measure of the viable microbial biomass (32) , increased threefold over the input feedstock in slurries recovered from the digesters ( Table 1 ). The two control digester slurries contained essentially the same TELP. The slurries recovered from digesters supplemented with propionate or butyrate contained about 66% of the total microbial biomass measured in the unamended control digester. Slurries from the digesters amended with nitrate had a TELP which was 132% of the slurries from the control digesters (Table 1 ). The TELP determinations were used to calculate the number of bacteria present in each digester (Table 1) .
Microbial community structure. The proportions of PLFAs in the slurries recovered from the digesters and the feedstock are given in Table 2 . The PLFAs show the same relative concentrations as the TELP with the exception of the nitrate-amended digester. Slurries from this digester had an increased TELP and equivalent PLFAs when compared with the control digesters (Tables 1 and 2 ). Statistical analysis of the PLFAs in the slurries recovered from each digester shows significant differences in the community structures of the digesters. Means showing a significant difference (P < 0.05) by one-way analysis of variance were compared using the Tukey wholly significant difference test. A map of significant differences between the PLFAs of the feedstock Figure 1 shows subtraction spectra produced by diffuse reflectance FTIR spectroscopy of lyophilized digester slurries. The subtraction spectra were obtained by subtracting the spectrum for the control digester from the spectra for each amended digester. Subtracting the spectrum of the control digester slurry from itself resulted in a flat spectrum (Fig. la) . The peak near wavenumber 1,750 shown in the subtraction spectrum for slurries from the nitrate-amended digester (Fig. ld) was identified as PHB from spectra determined previously (23a) .
DISCUSSION
Viable biomass. Phospholipids are found in the membranes of all cells and under the growth conditions found in fermentative communities contain a relatively constant proportion of their biomass as phospholipids (29) . The phospholipids have been related to various measures of microbial biomass (30) . Phospholipids are not found in storage lipids and have a relatively rapid turnover in both living and dead cells in natural environments (29, 32) . The data of Microbial community structure. Examination of the esterlinked fatty acids of the phospholipids provides insight into the community structure of the microbial community (2, 3, 29, 31) . Specific PLFAs or groups of fatty acids can be utilized as signatures of specific components of the microbial communities (3, 29) . Interpretations of the significance of shifts in the proportions of PLFA have been correlated with changes in microbial morphology of biofilms; the responses of consortia to specific inhibitors and antibiotics; the effects of light, toxins, and predation; and comparison with the compositions of isolated microbial monocultures for valida- tion (29) . The patterns of PLFA from the digester slurries (Tables 2 and 3) show that incubation in the digesters induces significantly higher concentrations of the shortbranched saturated and monounsaturated fatty acids typical of bacteria as well as the 7 unsaturation of monoenoic fatty acids formed by the microbial anaerobic desaturase pathway. The significantly higher proportions of 18:3X3, a PLFA recently detected in a mesophilic syntrophic acetogenic bacterium (Henson, McInerney, and White, unpublished data), indicated the possible presence of similar organisms in this thermophilic digester. A thermophilic, syntrophic bacterium was recently isolated from the control digesters (15) .
Digester microbial structure. The addition of propionate, butyrate, or nitrate to the anaerobic digesters significantly altered both the total microbial biomass and the community structure of the microbiota (Tables 1 through 3 ). The detailed significance of the shifts in PLFA awaits the analysis of more monocultures isolated from the digester slurries. From these data it is clear that the input feedstock contains PLFA possibly from the residual microbiota or the plant material itself (high proportions of 16:0, 16:1w5c, and 18:0). Some degradation of the plant material, however, appeared to have occurred because of the absence of long-chain polyunsaturated fatty acids.
The nitrate-amended digester, compared with the control digesters, had greater microbial biomass as indicated by the higher levels of TELP (Table 1) , but an equal concentration of PLFA (Table 2 ). This may indicate a shift in the microbial community toward bacteria that contain non-ester-linked PLFA, such as plasmalogens (14) or sphingolipids (21 Gainesville, 1983 .) The nitrate was converted to ammonia, which was not inhibitory to this digester (Rivard, Ph.D. thesis) and which may be the preferable source of nitrogen in the digester as has been shown for the rumen (6) . This digester, therefore, was not nitrogen limited. The reason for the increased PHB production and accumulation in the nitrate-amended digester is unknown. To our knowledge, the detection of PHB in these digesters is the first report of this storage polymer in digestion systems.
The lipid methods outlined in this study can be utilized to characterize the microbial biomass, community structure, and possibly the nutritional status of the complex fermenter microbiota as they relate to the conversion of biomass to methane. These methods are destructive and require a chemical analysis. The fact that these digester slurries have distinctly different infrared spectra when examined by diffuse reflectance FTIR spectroscopy (23a) and the indication of PHB by diffuse reflectance FTIR spectroscopy in this study, suggests that the chemical methods to define the structure and activity of the community can be correlated with the nondestructive FTIR analysis. This combination of methods may offer insight into the functioning of complex anaerobic communities that eventually could be developed into nondestructive on-line monitoring techniques.
